Introduction
Subsidence is a worldwide phenomenon. According to the USGS (United States Geological Survey) in the USA, California, Texas and Florida are the states that su er from it the most. A major cause of subsidence is exploitation of groundwater. Due to groundwater depletion, water layer holding the ground in place disappears and rocks compact, lowering surface elevation. If this compaction happens in a small spot, subsidence appears in the form of a sinkhole. If it covers large areas like the Central Valley in California, it makes itself visible as a small land drop over time.
According to the USGS, subsidence has been a major concern in the Central Valley of California since the 1950s (https://ca.
water.usgs.gov/land_subsidence). Growing populations and demand on agriculture increased use of groundwater in the valley, thereby exacerbating the already dire situation. USGS studies indicated that by 1970, signi cant land subsidence (more than 30 cm) had occurred in about half of the valley, or about 13,450 km 2 , and locally, some areas had subsided by as much as 8.5 m. Reduced surface-water availability during 1976-77, 1986-92, 2007-09, and 2012-2015 caused groundwaterpumping increases, declines in water-levels to near or beyond historic lows, and renewed aquifer compaction. In the Central Valley, subsidence caused costly infrastructure damage such as canal buckling and reduced freeboard on canals and bridges. In some areas, up to 28 cm of land subsidence was measured from 2012 to 2015 (https://ca.water.usgs.gov/projects/ central-valley/land-subsidence-san-joaquin-valley.html).
Scientists have been putting an e ort towards monitoring and understanding subsidence across the globe. For this purpose, various types of instrumentation have been used including InSAR (Interferometric Synthetic Aperture Radar), GPS (Global Positioning System), di erential leveling, extensometers, piezometers etc. InSAR relies on satellite images taken at di erent times. The images are then processed to reveal relative ground-elevation change over time. Nonetheless, In-SAR is preferred for projects covering large areas because of the expense and relative ease in processing of the images. An extensometer measures the compaction and expansion of the aquifer system to a speci ed depth. It is ideal to have extensometer measurements as well; yet, considering drilling and expense for the device itself, they cost a great deal. A piezometer is a specialized well used to measure water levels at speci c depths. Again, installation of piezometers is rather expensive. Di erential leveling using an automatic or digital level is a precise way of obtaining elevation information providing that the benchmarks used are out of the subsidence zone. This technique allows carrying an elevation from a known benchmark to other points of interest with high precision. Nevertheless, it is not a feasible technique for large project areas covering a state or a continent since it requires survey crews to take measurements one setup at a time along roads, railroads etc. Whereas, at large scales, GPS is more e cient. GPS provides three dimensional position information of a point, such that by observing variations in the vertical height, subsidence is determined. Subsidence in the Central Valley, California has been studied by other authors (see for instance Farr et al. (2015) ). Summary of recent, historical, and estimated potential for future land subsidence in California is addressed in a report by California Department of Water Resources (2014) . In this study, elevations of eight points in the Central Valley of California are determined using 24 hour monthly GNSS data (Figure 1) . By examining the elevation changes at these points from 2011 to 2015, subsidence is determined for the Central Valley for this time period.
Methods
Twenty four hour GNSS (Global Navigation Satellite System) data acquired monthly from 2011 to 2015 are downloaded from the NGS (National Geodetic Survey) CORS (Continuously Operating Reference Station) website in RINEX (Receiver Independent Exchange Format) format. Since NGS decimates GNSS data to 30 s sampling rate once the most recent 30 days is over, for this study all the data used have a 30 s sampling rate. Automatic Precise Positioning Service (APPS) is used to process the downloaded data. APPS is currently using GIPSY (GNSS-Inferred Positioning System and Orbit Analysis Simulation Software) version 6.4. A precise point positioning (PPP) technique (Zumberge et al., 1997) is implemented within GIPSY to process GPS phase and pseudorange measurements in RINEX format. By default, the most accurate orbit and clock products are used if available. APPS users may specify the elevation angle cuto , and by default, the 7.5°elevation angle cuto is applied. For this study, dual frequency static data are processed using APPS. APPS produces many output les, and coordinate information is provided in a summary le. For more information, the readers are referred to http://apps.gdgps.net/.
In the summary le, APPS provides latitude, longitude and ellipsoidal height of a point using WGS84 (World Geodetic System 1984) system. This means that using APPS, ellipsoidal height information is obtained. On the other hand, nature does not follow ellipsoidal height since it is a mathematically dened quantity. Thus, orthometric height is the preferred elevation information to monitor environmental changes such as subsidence even though both ellipsoidal and orthometric height can be used to monitor elevation changes at a point. This is the case speci cally for this study because in the end, height di erences at the points of interest are determined. On the other hand, if height di erences are not used i.e., absolute height value of the points are sought at a certain epoch, one has to be concerned with the geoid model used for those particular orthometric height determinations because di erent geoid models (https://www.ngs.noaa.gov/GEOID/) produce different orthometric heights, which is beyond the scope of this paper. However, interested readers are referred to Wang and Soler (2014) and Lin (2013) . NGS has been producing geoid models to convert ellipsoidal height obtained from GPS to orthometric height of a speci c vertical datum. In the conterminous United States, North American Vertical Datum of 1988 (NAVD 88) is used. It means that by generating re ned geoid models NGS provides geoidal height N which is the height of the geoid from the reference ellipsoid (see Figure 2) :
where h is ellipsoidal height, H is orthometric height and N is geoidal height. So, using this formula one can move from ellipsoidal height to orthometric height or vice versa.
Application and Results
Eight CORS stations in California are used for this study -see Figure 1 . While picking these points, care was taken to ensure that these points would not be on mountainous areas and be as close as possible to the north-south cross-section line through the Central Valley. As can be seen in Figure 1 , it is not a perfectly straight cross-section line; nonetheless, it is the best obtained using available CORS stations under the above chosen speci cations. On the other hand, these points are a seemingly good representation of the Central Valley oor along the northsouth direction to depict the subsidence phenomenon in the valley. By researching available data from the NGS CORS website, it can be found that these points are established at di erent dates, and data availability varied from point to point. One commonality was that all these points had data since 2011, but again some data was missing here and there. According to USGS, 2011 was not a drought year because most of California's reservoirs were near maximum capacity during the middle of the year. Yet, dry conditions continued from 2011 to 2015 and in the midst of a four-year drought, rst-ever statewide water reductions were ordered. Our study timeline coincides with this drought period.
As mentioned above, some data were missing on the NGS CORS website. In addition, some data were not available for the rst day of the month. For point P344: for May 2011 the closest data available at the beginning of the month, which is May 7 th , is accepted, and for February 2013, the earliest data available was February 13 th . For point PLSB: for July 2011, the earliest data available for the month was for July 7 th , and for September 2013, September 10 th data was used. For point CMOD: for March 2013, March 5 th , for September 2013, September 16 th and for January 2014, January 8 th data was used. Although June 2015 data was available on the website, it could not be opened. For BKR1: September 2011 was erroneous and June 2015 data could not be opened.
The rst order of business was downloading RINEX data from the NGS CORS website for the eight points used. In order to do so, 24 h RINEX les are downloaded for each point for the beginning of each month; for example, for point P304 one le is downloaded for January 1, February 1, March 1 and so on. Hence, 12 les are downloaded for point P304 for year 2011. Since this study covers a ve year period from 2011 to 2015, 60 les are downloaded for this point. Since we used eight points for this work, around 480 RINEX les are processed for this research. To process the RINEX les, APPS software is used.
Since the focus is on the vertical velocities of the points used for this study, only orthometric heights of these points are used. It is well known that GPS height time series contain annual seasonal motion (Blewitt and Lavallée, 2002) . The major annual motion is induced from hydrological and atmospheric loading (Akarsu et al., 2015) . Various scienti c and commercial software are available for annual seasonal motion adjustment. These software use iterative approaches to produce re ned estimates of seasonal time series. However, for short periods of data such as the ve year GPS data used in this study, a simple adjustment is possible.
The motivation is that for short time series, it is possible to estimate the trend fairly well. There is no unique method to estimate trend in a time series; yet, as long as the trend is consistently increasing or decreasing, for short periods of data analysis, it is typically not very di cult to discern. Therefore, by examining the time series used for this study, it is determined that a second degree polynomial ts well to the data used. In order to do this, using the orthometric heights of the points for each year, a second degree polynomial is determined using MSExcel (see Figure 3) . Heights of the points along the trend line are recalculated using the polynomial formula determined for each year. The di erence between the original heights and recalculated heights yields the residuals. To calculate seasonal motion adjustments, the average of the residuals for each month are determined for the duration of the data period. For the last step, these adjustment results are subtracted from the original height values. Because it is not possible to show all the results, only the results for point P304 are tabulated in Table 1 as an example.
As can be seen in Figure 3 , trend lines are consistently increasing or decreasing for the time period used. By visually inspecting the graphics, it is determined that a second degree polynomial ts well to our data set.
To be able to test the e ect of the variance-stabilizing transformation, logged data are also examined. To begin with, logarithms of original height values are computed. Next, using logged data, for each year, a second degree polynomial is determined using Excel. Again, heights of the points along the trend line are recalculated using the polynomial formula determined for each year. The di erence between the original heights and recalculated heights yields the residuals. To calculate seasonal motion adjustments, the average of the residuals for each month are determined for the duration of the data period. Finally, these adjustment results are subtracted from original height values. To return to the original scale, the data are used to the power of 10 since base 10 is used for logarithms. The results for point P304 are tabulated in Table 2 .
If the results in Table 1 and 2 are compared, it is seen that the results are the same up to third decimal which is an attainable precision using GPS. Since the results are practically the same, logged data is not computed for other points. After removing seasonal motion, changes in elevation at the eight points used in this study are portrayed in Figure 4 for ve years.
After removing the seasonal e ects, the nal elevations of points at the beginning of each year are shown in Table 3 .
As can be seen in Table 3 , two values for PLSB and one value for P268 are missing. This is the reason that di erences in the last row of Table 3 are calculated by subtracting the latest available height value from the earliest available value; for instance, at point P344, 77.682 -77.677 = 0.005 which indicates 5 mm of uplift. As can be seen in Table 3 , as we move from north to south (see Figure 1) subsidence increases, which agrees with Figure 5 .
As can be seen in Figure 5 , major subsidence has been occurring in the southern part of the Central Valley. The image in Figure 5 is produced by the USGS using InSAR, GPS, di erential leveling, extensometers, piezometers etc. However, in our study, due to limited resources only GPS data from the NGS CORS website are downloaded and online GPS data processing software is used to analyze the data. On the other hand, our ndings are aligned with the USGS results.
Conclusions
Subsidence along a north-south cross-sectional line in Central Valley, California is examined using 24 h monthly GNSS data collected between 2011 and 2015. From northern Central Valley to the tip of southern Central Valley, 8 points are used for this study. Although other instrumentation such as InSAR, extensometers, piezometers, di erential leveling etc. have been used in practice, they are rather expensive to incorporate into a research study. Therefore, in this paper, commonly available GPS data and online GPS data processing software are used to analyze the data sets. For short period time series, it is possible to estimate the trend line by visual inspection as long as the trend is consistently increasing or decreasing. Since, for our study, the time period used is 5 years from 2011 to 2015, vari- Figure 4 . Subsidence at the eight points used in this study after removing seasonal motion. In the graphs, the solid red line represents the original height values and the dashed blue line represents the elevations after seasonal motion is removed. The horizontal axis is scaled in months for ve years from 1 to 60, and the vertical axis shows the height in meters. ous polynomials beginning with rst degree and then second degree and then third, fourth etc. are examined. It is determined that a second degree polynomial ts well to our data set.
To test the e ect of the variance-stabilizing transformation, logged data are also examined. Nevertheless, it is seen that the results are the same up to third decimal between using a second degree polynomial and logged data. Thus, logged data is not used. At the end of the analyses, it is found that from north to south, elevation changes range from 5 mm uplift to 163 mm subsidence. This means that subsidence is more pervasive in the southern part of the valley, and this is in agreement with the USGS determinations. Our ndings are aligned with the USGS results in spite of the fact that only GPS data are used.
